Hepatitis C virus (HCV)-encoded nonstructural protein 3 (NS3) possesses protease, NTPase, and helicase activities, which are considered essential for viral proliferation. Thus, HCV NS3 is a good putative therapeutic target protein for the development of anti-HCV agents. In this study, we isolated specific RNA aptamers to the helicase domain of HCV NS3 from a combinatorial RNA library with 40-nucleotide random sequences using in vitro selection techniques. The isolated RNAs were observed to very avidly bind the HCV helicase with an apparent K d of 990 pM in contrast to original pool RNAs with a K d of >1 µM. These RNA ligands appear to impede binding of substrate RNA to the HCV helicase and can act as potent decoys to competitively inhibit helicase activity with high efficiency compared with poly(U) or tRNA. The minimal binding domain of the ligands was determined to evaluate the structural features of the isolated RNA molecules. Interestingly, part of binding motif of the RNA aptamers consists of similar secondary structure to the 3-end of HCV negative-strand RNA. Moreover, intracellular NS3 protein can be specifically detected in situ with the RNA aptamers, indicating that the selected RNAs are very specific to the HCV NS3 helicase. Furthermore, the RNA aptamers partially inhibited RNA synthesis of HCV subgenomic replicon in Huh-7 hepatoma cell lines. These results suggest that the RNA aptamers selected in vitro could be useful not only as therapeutic and diagnostic agents of HCV infection but also as a powerful tool for the study of HCV helicase mechanism.
INTRODUCTION
Hepatitis C virus (HCV) is the main causative agent of chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (Lauer and Walker 2001) . Although the HCV infection causes worldwide health problems, efficient and specific antiviral therapy has not yet been developed.
HCV contains a single, positive-stranded RNA genome about 9600 nucleotides in length encoding a single polyprotein of about 3010 amino acids (Choo et al. 1991; Takamizawa et al. 1991) . This polyprotein precursor is co-or posttranslationally processed by cellular and viral proteases to yield functional structural and nonstructural proteins (Bartenschlager et al. 1993; Grakoui et al. 1993; Hijikata et al. 1993; Tomei et al. 1993; Lin et al. 1994; Manabe et al. 1994; Mizushima et al. 1994) . The structural proteins include the core protein, C, and the envelope glycoproteins E1 and E2. The nonstructural proteins are composed of NS2 protease, NS3 serine protease plus helicase, NS4A serine protease cofactor, NS4B and NS5A proteins, and NS5B RNA-dependent RNA polymerase, which are considered as components of a complex responsible for HCV replication (Moradpour et al. 2002) .
HCV NS3 is multifunctional with three known enzymatic activities separated into two distinct domains. The serine protease activity is present in the one-third amino-terminal region of the protein and the nucleoside triphosphatase (NTPase) and helicase activities in the remaining carboxyterminal domain (Kim et al. 1995; Satoh et al. 1995; De Francesco and Steinkühler 2000; Kwong et al. 2000) . HCV NS3 has been demonstrated to be internally processed in cells within the RNA helicase sequence motif that is highly conserved in the Flaviviridae family (Shoji et al. 1999; Yang et al. 2000) . Helicase activity is reported crucial for RNA unwinding presumably during the viral genome replication, and hence believed essential for the viral proliferation (Wardell et al. 1999; Kwong et al. 2000) . Therefore, the HCV NS3 helicase is an attractive target for anti-HCV drug discovery. The crystal or solution structure of the NS3 helicase along with or without oligonucleotide has been recently elucidated (Yao et al. 1997; Cho et al. 1998; Kim et al. 1998; Liu et al. 2001) , providing more opportunities for rational design of NS3 inhibitors.
Characteristics of RNAs, which can adopt complex structures to bind target proteins with high affinities and encode amplificable genetic information, make RNA a potentially very useful diagnostic and/or therapeutic lead compound (Gold et al. 1993; Burgstaller et al. 2002) . Such short RNA ligands, termed RNA aptamers, have been identified from a random RNA library to bind several proteins including non-RNA-binding proteins with high affinity and specificity using in vitro selection techniques, called systemic evolution of ligands by exponential enrichment (SELEX; Ellington and Szostak 1990; Tuerk and Gold 1990) . Several RNA aptamers have been successfully evaluated even in animal disease models (Sullenger and Gilboa 2002; Hwang et al. 2003) .
Isolation and characterization of RNA aptamers specific for the HCV NS3 protease domain has been described Urvil et al. 1997; Fukuda et al. 2000) . Intracellular expression of tandem repeats of the RNA aptamers against NS3 protease was demonstrated to inhibit the HCV protease activity in HeLa cells (Nishikawa et al. 2003) . Moreover, high-affinity RNA aptamers to HCV NS5B RNA-dependent RNA polymerase were recently isolated that could inhibit the enzymatic activity in vitro (Biroccio et al. 2002; Vo et al. 2003) . Although RNA ligands isolated from full-length HCV NS3 moderately inhibited HCV helicase activity , no studies have been described for the isolation of RNA aptamers directly against HCV NS3 helicase domain. In the present study, we employed an RNA combinatorial library and isolated RNA aptamers for the HCV NS3 helicase domain essential for the HCV multiplication. This RNA was shown to bind the HCV helicase with high specificity and affinity. In addition, the RNA aptamer efficiently and competitively prevent RNA unwinding activity of the helicase with no effect on NTPase activity of the protein. Binding region of the RNA aptamer was enzymatically characterized. Moreover, only the cells that express HCV NS3 can be specifically recognized by the RNA aptamers, but not with control RNAs, indicating very specific interaction of the RNA with the HCV helicase. Importantly, replication of HCV subgenomic replicon (Lohmann et al. 1999 ) can be partially inhibited by the RNA aptamers in human liver cells.
RESULTS

In vitro selection of HCV helicase-specific RNAs with high affinity
An RNA library of approximately 10 14 different molecules was generated with each molecule containing a 40-nt-long sequence derived from a random sequence flanked by defined regions. To isolate high-affinity RNA ligands that bound the HCV NS3 helicase domain, we employed an in vitro selection procedure using the RNA library as described under Materials and Methods. After 21 cycles of selection, the bound RNAs were amplified by RT-PCR. The resulting cDNAs were then cloned, and 13 different clones sequenced.
Four different RNAs were selected that specifically bind to the HCV helicase (Fig. 1) . As shown in Figure 1A , all the RNAs were 1 nt shorter than the original 92-nt-long library RNAs. This change might result from deletion of part of the random sequence during RT-PCR amplification. In addition, the four RNAs contained very similar sequences. To evaluate binding specificity of the selected RNA, precipitation experiments were performed with internally radiola-FIGURE 1. SE RNA sequences and their specific binding to the HCV NS3 helicase domain. (A) After 21 rounds of in vitro selection, the sequence of 13 selected RNAs was determined. Only four different but very similar RNA sequences were found in these clones with each being present multiple times (numbers in parentheses). The line drawn for sequences #2, #3, and #4 indicates that nucleotides found at these positions are identical to those shown for sequence #1. (B) SE RNA #1 specifically binds the HCV helicase. Internally radiolabeled library RNA (lanes 1-3, 350 pM) or SE RNA #1 (lanes 4-8, 350 pM) was incubated with (lanes 3, and 6-8, 160 nM) or without HCV helicase (lanes 2 and 5) and the RNA-protein complexes were precipitated with Ni-NTA beads (lanes 2, 3, and 5-8) . Bound RNAs were extracted and analyzed on a 6% polyacrylamide gel with urea. Unlabeled library RNA (lane 7, 1.7 µM) or unlabeled SE RNA #1 (lane 8, 1.7 µ⌴) were added in a 5000-fold excess amount to the binding reaction to determine if either could inhibit the formation of SE RNA-HCV helicase complexes. Lanes 1 and 4 contain 10% of the inputlabeled library RNA or SE RNA #1, respectively. (C) Internally radiolabeled SE RNA #1 (95 pM) was incubated with (lanes 3-7, 80 nM) or without HCV helicase (lane 2) and binding activity of RNA to the HCV helicase was analyzed as Figure 1B . Poly U (lane 4, 655 nM), tRNA (lane 5, 655 nM), SE RNA #1 (lane 6, 655 nM) or no RNA competitor (lane 3) were added in a 6700-fold excess amount to the binding reaction to determine if they could inhibit the formation of SE RNA-HCV helicase complexes. In addition, 670-fold excess amount of unlabeled SE RNA #1 (65.5 nM) were added (lane 7). Lane 1 contains 10% of the input-labeled SE RNA #1.
beled RNAs (Fig. 1B,C) . Selected RNA (SE RNA) #1 was shown to bind strongly and specifically to HCV helicase, but not to the agarose beads (Fig. 1B, lanes 4-6) . In contrast, original-library RNA hardly bound to the protein (Fig.  1B, lanes 1-3) . Other selected RNA clones also showed avid and specific binding to the HCV helicase, but not to the beads (data not shown). The SE RNAs can bind to GSTtagged full-length HCV NS3, but not to the his-tagged other HCV protein such as NS5B protein, thus excluding possible nonspecific binding of the RNA to the histidine moieties tagged at the C-terminal end of the helicase (data not shown). SE RNA #1 was chosen for further characterization because it appeared the most frequently in the selected RNA clones. Formation of helicase-SE RNA #1 complex was shown to be competitively blocked by addition of excess amount of unlabeled SE RNA #1 in a dose dependent manner (Fig. 1B, lane 8, and Fig. 1C, lanes 6, 7) . However, a nonspecific competitor, such as the original RNA library or tRNA, could not inhibit the binding of SE RNA to the HCV helicase (Fig. 1B, lane 7, or Fig. 1C, lane 5, respectively) . Moreover, 90-nt-long poly(U) sequence that the HCV helicase has been shown to preferentially bind most likely at its RNA binding domain (Kanai et al. 1995 ) also showed little competition of helicase-binding activity of SE RNA #1 even in the excess amount (Fig. 1C, lane 4) . These results suggest that the SE RNA specifically and efficiently binds the HCV helicase.
To estimate the affinity of the SE RNA-HCV helicase interaction, a precipitation experiment was used with trace amounts of radiolabeled RNAs and increasing amounts of the helicase (Fig. 2) . The original-library RNA containing 40-nt-long random sequences was shown to have little affinity to the HCV helicase even at the highest concentration of the protein. By contrast, SE RNA exhibited high affinity with apparent dissociation constant (K d ) of about 990 pM, demonstrating that SE RNA binds tightly to the HCV helicase.
Effects of SE RNA on RNA binding, ATPase and RNA helicase activities of the HCV helicase Given the observation that SE RNA selectively and avidly binds the HCV helicase, we next determined if the binding of the selected RNA affected the biochemical activities of the HCV helicase. First, effect on RNA template binding capacity of the helicase by SE RNA was measured in a gel retardation assay which was performed in the absence of ATP with a internally radiolabeled RNA substrate used as a longer template for the assay of RNA helicase activity (Fig.  3) . Poly(U) sequence efficiently protected the helicase from RNA binding as shown previously (Fig. 3 , lane 5; Gwack et al. 1996) . The selected RNA was also effective at inhibiting the substrate RNA binding to the HCV helicase in a concentration-dependent manner (Fig. 3, lanes 3,4) , whereas the original pool RNA showed much less inhibition even at the highest concentration tested in this study (Fig. 3 , lane 6). Furthermore, SE RNA efficiently impeded the helicase from binding to the poly(U) sequence (data not shown). This result, together with the previous observations in Figures 1 and 2, indicates that SE RNA appears to specifically and avidly bind to the HCV helicase at the substrate RNA binding site or distinct region that could affect substrate RNA binding capacity of the protein. ATPase activity of the HCV helicase has been previously reported to be highly stimulated by oligomeric nucleic acids, with poly(U) having the greatest effect (Suzich 1993; Preugschat et al. 1996; Wardell et al. 1999) . Therefore, we determined next whether SE RNA could stimulate ATPase activity of the helicase (Fig. 4) . ATPase activity was monitored by measuring the amount of hydrolyzed ATP using thin-layer chromatography. Consistent with the previous findings, poly(U) demonstrated a dose-dependent stimulation of ATPase activity up to an approximately 6-fold increase over activity in the absence of any RNA (Fig. 4, lanes  2-9) . On the contrary, neither original library RNA nor SE RNA could affect the ATPase activity even at the highest amount tested here, when compared with the activity without RNA (Fig. 4, lanes 10-19) .
Once we had determined that the selected RNA specific to the HCV helicase with high-affinity interfered with the substrate RNA binding activity of the protein without effect on the ATPase activity, we wanted to investigate if SE RNA could inhibit RNA helicase activity of the protein (Fig. 5) . RNA unwinding activity of the HCV helicase was measured with the partially dsRNA substrate generated as described in Materials and Methods. Since the HCV helicase unwinds RNA/RNA duplexes in a 3Ј to 5Ј direction (Gwack et al. 1996; Tai et al. 1996) , the RNA substrates contained singlestranded RNA regions at their 3Ј ends. Previous reports demonstrated that poly(U) RNA efficiently inhibited RNA helicase activity of the HCV helicase probably through competitive binding to the protein with RNA substrates (Tai 1996) . In accordance with this finding, here, poly(U) sequence showed impediment to the unwinding of RNA duplexes mediated by the HCV helicase in a concentrationdependent manner by up to 44% (Fig. 5A, lanes 10-14) . Noticeably, more efficient inhibition of RNA helicase activity was observed in the case of SE RNA by up to 90%, whereas control RNA, such as tRNA, showed very little inhibition (Fig. 5A , lanes 5-9 and 15-19). In addition, SE RNA-engendered inhibition of HCV RNA helicase was dose dependent with an IC 50 of approximately 12.5 nM (Fig. 5B) . Therefore, RNA selected in this study prohibited RNA helicase activity of the HCV NS3 helicase much more efficiently than poly(U) RNA by more than 10-fold [IC 50 of poly(U) RNA >> 121.5 nM, see Fig. 5B ). The mechanism of helicase inhibition by the SE RNA was determined with respect to the decreasing amounts of the substrate RNAs (Fig. 5C ). K m was affected by the presence of the SE RNA, whereas V max was not, which indicates that the RNA aptamer inhibited the helicase activity of HCV NS3 by competitively interfering with the substrate binding to the protein.
Mapping the binding domain of SE RNA
To evaluate the structural features of the 91-nt-long SE RNA that are critical for helicase binding, deletion analysis was performed to determine the minimal binding domain of the RNA (Fig. 6A,B ). This analysis demonstrated that the last 25 nt of the RNA (MD1, MD2, and MD3) could be removed without severe effect on binding, whereas deletion of only the first 19 nt (MD6) seriously affected binding. Deletion of the last 46 nt (MD4) reduced, but did not abolish, binding. However, larger deletions from the 3Ј end of the selected RNA (MD5) showed nearly complete abolishment of binding. In addition, RNA truncated at both ends of SE RNA (the first 19 nt plus the last 46 nt) also did not retain the ability to bind the helicase (data not shown). Therefore, residues +1 to +45 of SE RNA are the most important for the recognition of the HCV helicase, while residues +46 to +66 probably stabilize the structure of SE RNA that is required for binding to the HCV helicase.
To characterize how SE RNA interacts with the HCV helicase, structure probing and footprinting analyses were performed with RNase T1, S1, and V1 (Fig. 6C,D) . As a working model, the most stable secondary structure of the SE RNA, as shown in Figure 6E , was predicted using MULFOLD program (Jaeger et al. 1989 ). The general secondary structure predicted by computer program is comprised of four stem-loops separated by internal loops and appeared to be similar to the results determined by structure probing. However, apical loop-stem-bulge structure predicted in the left upper corner (nt 26-36) of the SE RNA is very sensitive to RNase T1 and S1 (Fig. 6C , lanes 2,3), suggesting that this part would rather form a large loop configuration. To determine which regions are affected when HCV helicase binds to the SE RNA, footprinting studies were performed with three different concentrations of the protein (Fig. 6D ). In accordance with the deletion mapping studies, single-stranded loop regions in the left half (nt 10-18 and 26-36) of the SE RNA are well protected by the HCV helicase (Fig. 6D, lanes 3-10) . Moreover, such helicase-mediated protection of the RNA aptamer against RNases is dose dependent. In contrast, the sequences at nt positions 19-24 and 37-42 with a strong stem configuration, which are beneath the apical large single-stranded region, does not interact directly with the protein. However, interestingly, such a strong stem structure with high GC content in the selected RNA aptamers is very similar to that in the 3Ј-terminal 127 nt regions of HCV negative-strand RNA (Fig. 6E ) that were recently described to be involved in the specific interaction with HCV NS3 helicase (Banerjee and Dasgupta 2001) . The stem sequences at nt positions 23-25 and 41-42 are rather more sensitive to RNase V1 in the presence of the protein (Fig. 6D, lanes 11-14) . These results suggest that conformational change of the SE RNA can be induced in the presence of HCV helicase such that stem structure between the protein-bound single-stranded regions would become more stacked. Other selected RNA clones as described in Figure 1A showed the same pattern of secondary structure and binding motif to the HCV helicase as clone #1 (data not shown).
Taken together with the results of deletion mapping and structural probing analyses, the essential and minimal binding domain of the SE RNA to the HCV helicase was denoted shaded in a dotted box in Figure 6E . This scheme indicates that the HCV helicase binds predominantly to the singlestranded sequences at nt positions 10-18 and 26-36 (5Ј-GAAGCGUGC-3Ј and 5Ј-GUAPuUGUPuUAG-3Ј, Pu represents purine nucleotide) in loop regions of left half of the SE RNA, which alters the conformation of the stem portion between the bound regions.
Application of SE RNA for in situ detection of intracellular HCV NS3
To determine whether the SE RNA specifically interact with the HCV helicase, but not with the other cellular proteins, and, if so, can the RNA be applied as a diagnostic agent for the intracellular HCV NS3, we set out to do experiments to specifically identify NS3-expressing cells using the SE RNA (Fig. 7) . For those studies, we first developed stable Saos-2 cell lines that express HCV NS3 in the absence of tetracycline, but not in the presence of tetracycline, using the plasmid encoding NS3 under the Tet-off control system. The expression of the HCV NS3 proteins in such cells was confirmed by immunofluoresence study and western analysis with NS3 antibodies (data not shown). Cells expressing HCV NS3 proteins were identified using alkaline phosphatase-induced color reaction generated from the biotin-labeled SE RNA binding to the fixed cell constituents as described in Materials and Methods. No cells were stained with control RNA in either presence or absence of tetracycline, indicating no nonspecific interaction occurred between RNA and cellular components in our setting condition (Fig. 7A [b] and 7A [c] ). Moreover, incubation with the SE RNA with fixed cells did not also create any color reaction in the presence of tetracycline ( Fig. 7A[d] ), suggesting the SE RNA cannot interact with any cellular components. By sharp contrast, distinct color reactions with the SE RNA were shown in the NS3-expressing Saos-2 cells (Fig. 7A[e] ). To determine whether the SE RNA can specifically bind to the intracellular HCV NS3 protein, NS3-expressing cells were reacted with the biotin-labeled SE RNA preincubated with excess amount of NS3 protein (Fig. 7A[f] ) or control cellular helicase protein (Fig. 7A[g] ). While preincubation of the RNA with control protein did not affect any color reaction with the NS3-expressing cells, no staining occurred when incubated with the SE RNA along with the cells after preincubation of the RNA with the NS3 protein. Thus, preincubation of the SE RNA with the NS3 protein, but not with other cellular helicase, can prevent the SE RNA from interaction with NS3-expressing cells, which indicates that To confirm that intracellular HCV NS3 specifically interact with the SE RNA, NS3-expressing cells were incubated with the biotin-labeled SE RNA along with the increasing excess amounts of unlabeled SE RNA or control RNA that is aptamer to myasthenia gravis autoantibody (Fig. 7B) . No color reaction was changed in the cells even in the highest amounts of the unlabeled control RNA (Fig. 7B[f-h] ). In contrast, color reaction was effectively diminished in the presence of unlabeled SE RNA in a dose-dependent manner (Fig. 7B[b-d]) . Thus, unlabeled SE RNA, but not control RNA, can compete with the biotin-labeled SE RNA for binding to the NS3-expressng cells, indicating that the HCV NS3 protein in mammalian cells specifically binds the SE RNA.
Intracellular detection experiments using the SE RNA strongly suggest that the SE RNA can specifically interact with the intracellular HCV NS3 protein and the protocols developed in this study could be applied for the specific identification of human cells expressing HCV proteins with RNA aptamers.
Effect of SE RNA on the intracellular RNA synthesis of HCV replicon
Once we had observed that the selected RNA in this study efficiently inhibited the helicase activity of HCV NS3 by competitively interfering with the substrate RNA binding to the HCV helicase, we next evaluated RNA aptamer activity to inhibit HCV replication in human liver cells using the recently developed HCV subgenomic replicon systems ( Fig.  8 ; Lohmann et al. 1999; Krieger et al. 2001 ). To determine ,11,16: 4.5 nM; lanes 7,12,17: 13.5 nM; lanes 8,13,18: 40.5 nM; lanes 9,14,19: 121.5 nM) of unlabeled SE RNA #1, poly U, or tRNA was added to the reaction to determine if they could inhibit RNA unwinding activity of HCV helicase. (B) The unwinding percentage by HCV helicase in the presence of increasing amount of competitor RNAs was calculated by determining the ratio of the unwound RNA to total radiolabeled substrate RNA. The plotted numbers have been normalized to the amount of unwound RNA generated by the helicase without any RNA competitors (lane 4 of Fig. 5A ) and values shown are averages of measurements performed in triplicate. (C) Inhibition mechanism by SE RNA. Helicase reactions were performed as described above with the serially diluted substrate RNAs along with tRNA or SE RNA. The substrate was varied with twofold decreases between 1 µM and 15.6 nM. Twenty nanomolars of the SE RNA shows competitive inhibition, with a calculated K i of 9.1 nM. FIGURE 6. Minimal domain and structural determinations of SE RNA that binds to the HCV helicase. (A) The 91-nt-long SE RNA (MD1) was truncated at its 3Ј end (MD 2-5) or 5Ј end (MD 6). The sequences (+25 nt to + 63 nt) selected from the randomized region in the library RNA are presented as shaded box. (B) Three hundred and fifty picomolars of radiolabeled pool RNA or MD1-6 RNAs were incubated without (lane b) or with (lane c, 200 nM) HCV helicase and the RNA-protein complexes were precipitated with Ni-NTA beads. Bound RNAs were extracted and analyzed on a 6% polyacrylamide gel with 7 M urea. Lane a contains 10% of the input-labeled RNAs. Binding % denotes the amount of each bound RNA relative to the input RNA. (C) Enzymatic mapping of the RNA secondary structure of the SE RNA. RNA labeled at the 5Ј end (2.7 nM) was enzymatically digested with RNases T1 (lane 2, 1U), nucleases S1 (lane 3, 2 U), and RNases V1 (lane 4, 0.0001 U). The partially digested products were then separated on a 12% polyacrylamide gel with urea along with partial alkaline hydrolysis ladder (lane 1, AH). (D) Enzymatic footprinting of HCV helicase-SE RNA complex. The 5Ј-end-labeled SE RNA was incubated in the absence of (−; lanes 3,7,11) or presence of increasing amounts of HCV helicase (0.105 µM in lanes 4,8,12; 1.05 µM in lanes 5,9,13; 10.5 µM in lanes 6,10,14) . Protein-RNA mixtures were digested with RNases T1 (lanes 3-6) , nucleases S1 (lanes 7-10), and RNases V1 (lanes 11-14) . The cleaved RNA fragments were then resolved on a 12% polyacrylamide gel with urea together with RNA size markers, T1 lad (lane 1, partially digested SE RNAs with RNases T1) and AH (lane 2, partially alkaline hydrolyzed SE RNAs). The protected sites from each nuclease by the protein are indicated by bars on the left side. The asterisks on the right side of the autoradiogram indicate the sequences whose accessibility to RNase V1 increased in the presence of the HCV helicase. (E) The computer-predicted model of the secondary structure of SE RNA #1 and the first 127 nucleotide of 3Ј UTR of the HCV negative strand, HCV(−)3ЈUTR. The minimal binding domain of the SE RNA was shown in dotted box. Nucleotides 25-63 represented the sequences selected from randomized region of RNA library. Digestion patterns of the RNA to various nucleases are mapped. Squares, triangles, and circles indicate RNases T1, S1 nucleases, and RNases V1 cleavage sites, respectively. The size of each symbol denotes the susceptible intensities on the SE RNA to each nuclease. Protected regions of the RNA in the presence of the target protein are marked as shaded areas. Asterisks indicate the sites at which cleavage by RNases V1 was enhanced following binding of the HCV helicase.
Specific and avid RNA aptamers to HCV NS3 helicase www.rnajournal.org whether the SE RNA inhibit the intracellular HCV replication, we quantified the level of HCV negative (−) strand RNA in Huh-7 hepatocarcinoma cells by RT-PCR 72 h after cotransfection with the HCV replicon RNA and the various RNA competitors, and compared the amount of HCV RNA in each cell with cells transfected with the HCV replicon alone. As expected, tRNA that showed very low affinity to the HCV helicase ( Fig. 1 ) and no effect on the helicase activity (Fig. 5) hardly affected the HCV subgenomic RNA synthesis. By contrast, RNA aptamer to the HCV helicase (SE RNA) showed inhibition of RNA synthesis of the HCV replicon by up to 48%. Another RNA aptamer, which was selected against myasthenia gravis autoantibody (MG RNA aptamer: Lee and Sullenger 1997), could not efficiently protect cells from the replication of HCV replicon RNA, which strongly suggests that the inhibition of HCV replication by SE RNA identified in this study is mainly due to the specific interaction of the SE RNA with the HCV helicase expressed by the HCV replicon in cells.
DISCUSSION
Since the helicase domain of HCV NS3 is probably crucial for the proliferation of HCV, identification of inhibitors for the helicase has been employed mainly through random screening of small molecules (Borowski et al. 2003) or phage-display antibody screening (Artsaenko et al. 2003) . However, potential limitations of those molecules would stem from nonspecificity or low affinity to the target protein. Therefore, development of more specific and effective agents is necessary.
In vitro selected RNA aptamers are specific antagonists against a wide variety of proteins with high affinities. Moreover, aptamers can be chemically synthesized in large quan- tities, easily modified for in vivo utility, and readily regulatable with oligonucleotides antisense to the aptamers (Rusconi et al. 2002) , which renders them strong candidates for small-molecule lead compounds.
In the present study, we isolated RNA aptamers against the HCV NS3 helicase domain with SELEX technology. These aptamers bind specifically (Fig. 1) and very avidly to the helicase with subnanomolar binding constant (Fig. 2) . The aptamers are very effective inhibitors of RNA unwinding activity, but not NTPase, of the helicase with IC 50 ∼ 12.5 nM by competitively interfering with the substrate RNA binding (Figs. 3-5) . Moreover, interaction between the RNA aptamers and the HCV helicase is shown to be very specific and selective from intracellular protein detection experiments with the RNA aptamers (Fig. 7) . In addition, intracellular RNA synthesis of HCV replicon can be partially suppressed by the RNA aptamers (Fig. 8) .
The binding site of the selected RNA aptamers on the HCV helicase is not defined in this study. However, from the observation that the RNA aptamers efficiently inhibit the binding of RNA substrate with the helicase in a dosedependent way (Fig. 3) and competitively impeded the helicase activity of NS3 with respect to the substrate (Fig. 5) , we could speculate that the aptamers interact with the helicase at a substrate binding domain. The structure of HCV helicase consists of three nearly equal-sized subdomains, which form a Y-shaped molecule (Yao et al. 1997) . Two structural models for nucleic acid binding mode and coupling process of NTP hydrolysis and RNA unwinding of the HCV helicase have been suggested. One is that a deoxyuridine octamer oligonucleotide lies in a groove between the first two and the third in monomer helicase and ATP hydrolysis could facilitate the conformational change of interdomain cleft, resulting in the movement of the helicase along the substrates with unwinding them (Kim et al. 1998 ). The other is that a single-stranded RNA would be positioned in the channel that was formed in the middle of dimer through the interaction of two helicase monomers. ATP hydrolysis would cause the dissociation of the substrate RNA from one molecule of the helicase and then the substrate RNA can be bound by the other molecule through rotation of dimer. In such a way, the helicase unwinds double-stranded RNA by passing one strand of the RNA through the channel (Cho et al. 1998) . Recent data support the latter dimer model for the HCV helicase mechanism (Khu et al. 2001) . Considering those structures of the HCV helicase, there are at least two RNA binding sites in the helicase, one at the catalytic pocket probably in the interdomain cleft (Kim et al. 1998; Kim et al. 2003) and the other at the substrate holding site near the Arg-rich motif (460QRRGRTGR467) in domain 2 (Kim et al. 1997) . In this study, the RNA aptamer efficiently prohibited the binding of substrate RNA to the helicase in a competitive manner (Figs. 3, 5) . Therefore, single-stranded regions at the left half of the RNA aptamer, which were identified as primary binding domain to the HCV helicase (Fig. 6) , are likely to bind to one of either or both above substrate binding sites of the helicase. Strikingly, the RNA aptamer contains stem configuration with high GC content in the minimal binding domain that is also found in the 3Ј-terminal 127 nt regions of HCV-negative-strand RNA (Fig. 6 ). Sequences and stem-loop structures in the 3Ј-end of HCV-negative RNA was recently described to specifically interact with the HCV NS3 helicase (Banerjee and Dasgupta 2001) , suggesting that the RNA aptamers selected in this study could competitively sequester the HCV helicase from binding to the HCV-negative RNA. If so, the RNA aptamers could efficiently inhibit HCV genome replication since the viral RNA synthesis is likely to be initiated at the 3Ј terminus of positive and negative RNA strand. Taken Specific and avid RNA aptamers to HCV NS3 helicase www.rnajournal.org together, it is conceivable that the selected RNA aptamers would fit into the substrate binding regions with or without the nearby motif, resulting in the fixation of the helicase conformation in an inactive state such that they prevent binding of the RNA substrate and movement of the helicase, and hence inhibit RNA unwinding activity. More detailed molecular and structural analysis of binding region of the RNA aptamers on the HCV helicase, which is now on progress, will provide us more hints for the confined function and mechanism of the HCV helicase.
The observation that the RNA aptamers bind very specifically to the HCV helicase, but not any other cellular proteins including cellular helicase (Fig. 7) is surprising in a way because HCV RNA helicase contains the motifs highly conserved for RNA helicase activity and is classified as a DEXH protein of the SFII superfamily of helicase. However, it is not also unexpected because RNA aptamers can distinguish even the very similar domains of individual proteins in the same classes (Bae et al. 2002) . The RNA aptamers would thus bind to distinct regions that could not be found in other cellular proteins. To our knowledge, this is the first report on the selection of RNA aptamers against a specific viral RNA helicase.
In addition, we presented our efforts at developing those RNA aptamer-based in situ diagnostic methods of HCV NS3 proteins. In the circumstances we have conditioned, only NS3-expressing cells can be stained with the RNA aptamers but not with control RNAs. Specific staining with the RNAs were confirmed from the experiments of competitive binding assay and with the RNAs preincubated with NS3 helicase (Fig. 7) . These suggested that RNA aptamers selected in vitro be very useful for in situ diagnosis of the target proteins. Further developments will facilitate RNAbased diagnostic methods for HCV infection, which could replace conventional time-consuming and expensive methods based on antibodies.
In this study, we suggest that an RNA aptamer against the HCV helicase could provide new insights into the development of small agents modulating HCV replication. The RNA aptamers would function as decoys against the helicase involved in HCV regulatory circuits and thus limit HCV replication in human liver cells. Indeed, transient transfection of the RNA aptamers into the liver cells was observed to suppress RNA replication of HCV replicon system, although not completely (Fig. 8) . This partial inhibition may be due to insufficient amount and/or improper localization of the RNA aptamers in cells. Since HCV NS3 is mainly localized in the cytoplasmic side on the ER membrane (Penin et al., 2004) , overexpression of such short RNA aptamers in cytoplasm using a pol III promoter system such as 7SL promoter (Paul et al. 2003) could further improve the bioactivity of the RNA aptamers to interfere with HCV replication. In addition to this therapeutic potential, the RNA aptamers would be useful to genetically elucidate the intracellular role of the HCV helicase during HCV replication.
MATERIALS AND METHODS
Expression and purification of the his-tagged HCV NS3 helicase domain
A recombinant fragment of HCV NS3 helicase domain encompassing the C-terminal two-thirds of the HCV type 1b NS3 protein (amino acids 1193-1658) was cloned into pET21 expression vector (Novagen), which expresses recombinant proteins tagged with a hexahistidine at C-terminus. Proteins were overexpressed in Escherichia coli BL21 (DE3) strain and purified with nickel-chelate resin (Ni-NTA agarose, Qiagen) and a poly(U)-Sepharose column (Amersham Pharmacia) as described (Cho et al. 1998 ).
Selection procedure
In vitro selection was carried out essentially as described previously Sullenger 1996, 1997; Bae et al. 2002) , with a few modifications. A random pool of RNA oligonucleotides was produced by in vitro transcription of synthetic DNA templates with NTPs and T7 RNA polymerase. The sequence of the generated RNA is 5Ј-GGGAGAGCGGAAGCGUGCUGGGCCN 40 CAUAA CCCAGAGGUCGAUGGAUCCCCCC-3Ј, where N 40 represents 40 nt with equimolar incorporation of A, G, C, and U at each position. First, 10 µg of the RNA library was preincubated with 20 µl of Ni-NTA agarose beads in 100 µl binding buffer (30 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 2 mM dithiothreitol, and 1% BSA) for 30 min at room temperature with shaking. The RNA-bead complexes were then precipitated and discarded to remove RNAs with nonspecific binding activity to agarose beads. The precleared supernatant was transferred to a new tube and further incubated with 2 µg of his-tagged HCV NS3 helicase domain for 30 min at room temperature. Helicase-RNA complexes were precipitated with beads, and pellets washed five times with 0.5 ml of the binding buffer. RNAs were recovered, amplified with RT-PCR and in vitro transcription, and used for next rounds of selection. Eight subsequent rounds of selection were performed in the same manner. In contrast, from round nine, a more stringent condition was employed by reducing helicase concentration by 5-10 fold at every fourth or fifth round: 0.2 µg (rounds 9-13), 0.04 µg (rounds 14-17), or 0.008 µg (rounds 18-21). After 21 rounds of selection, the amplified DNA was cloned and several clones were sequenced.
Binding analysis of selected RNAs
SE RNAs were internally radiolabeled and isolated as described Sullenger 1996, 1997; Bae et al. 2002) . Purified RNAs were incubated with proteins as described above. Helicase-RNA complexes were precipitated with Ni-NTA agarose beads, and bound RNAs extracted from the pellets using 15 µl of 0.1 M EDTA and phenol. RNAs were then analyzed on a 6% polyacrylamide gel with urea.
ATPase assay
Standard ATPase assays were conducted as described (Suzich et al. 1993 ) with a few modifications. ATPase activity was measured in a final volume of 20 µl containing 30 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1.5 mM MgCl 2 , 2 mM DTT, 1% BSA, 40 U RNase inhibitor (Kosco), 1 mM ATP, 1 µCi [␣-32 P]ATP (3000 Ci/mmole, Amersham), and 20 nM HCV helicase in the presence of RNA samples, if any. After a 45-min incubation of reaction mixtures at 37°, reactions were terminated by the addition of EDTA to a final concentration of 20 mM. Reaction products were analyzed by thin-layer chromatography. Two microliters of the reaction mixture were spotted onto a polyethyleneimine cellulose sheet (Baker) and then substrate and products were separated by ascending chromatography in 0.35 M potassium phosphate (pH 3.5). The chromatogram was air dried and autoradiographed and the hydrolyzed ATP was quantified by PhosphorImager analysis (FUJIS BAS1000).
Preparation of helicase substrates
The substrates are composed of two annealed complementary RNA strands, namely double-stranded RNA. The longer RNA strand was generated by in vitro transcription with T7 RNA polymerase from PvuII-digested pSK(-)⌬SacII-HincII, which was generated by deletion of SacII/HincII site from pBluescriptSK(-) (Stratagene), and radio-labeled with [␣-32 P]UTP (3000 Ci/mmole, Amersham). The shorter strand was transcribed with T3 RNA polymerase (Kosco) from pBluescriptSK(−) that had been cleaved with BamHI. The transcripts were treated with DNase I (Promega), extracted with phenol-chloroform, purified with Sephadex G-25 column (Sigma), and then precipitated with ethanol. Both RNA strands were mixed at a molar ratio of longer to shorter strand of 1:3 in a hybridization buffer solution (20 mM HEPES, pH 7.6, 0.5 M NaCl, 1 mM EDTA, 0.1% SDS). The mixture was boiled for 5 min, transferred to 65°for 30 min, and then incubated at room temperature for 12 h. The generated partial duplex RNA substrates were electrophoresed on a 6% nondenaturing polyacrylamide gel, eluted with 400 µl of elution buffer (0.6 M ammonium acetate, 1 mM EDTA, 0.2% SDS) from the gel, and then purified.
RNA binding assay of helicase
Radiolabeled 261 nt RNA substrate (520 pM) that was generated as the longer strand for helicase assay described above was incubated with 20 nM of HCV helicase, 80 U of RNase inhibitor, and 3 nM unlabeled substrate in binding buffer (30 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 2 mM dithiothreitol, and 1% BSA) at room temperature for 30 min in the presence of competitor RNA, if any. The protein-RNA complexes were then analyzed with gel shift assay on a 4% nondenaturing polyacrylamide gel containing 20% glycerol.
Helicase assay
RNA helicase activity was performed as described (Kim et al. 1995) with modifications. Helicase activity was assayed in 20 µl reaction mixture containing 25 mM MOPS-KOH (pH 6.5), 3 mM MgCl 2 , 2 mM DTT, 0.01% of BSA, 40 U RNase inhibitor, 1 nM HCV helicase, and 0.25 nM 32 P-labeled partial duplex RNA substrate.
After preincubation for 15 min at room temperature, 5 mM ATP was added to start the helicase reaction. The reaction mixtures were further incubated for 30 min at 37°C, and then stopped by adding 5 µl of 5X termination buffer (0.1 M Tris-HCl, pH 7.4, 20 mM EDTA, 0.5% SDS, 0.1% NP40, 0.1% xylene cyanol, 0.1% bromophenol blue, 50% glycerol). Effects of various RNAs on HCV helicase activity were studied by direct addition of the RNAs to the reaction mixture during preincubation. An aliquot (12.5 µl) of each reaction mixture was electrophoresed on a 6% nondenaturing polyacrylamide gel. Strand separation was then visualized by autoradiography, and the efficiency of the helicase reaction was calculated by quantification of the radioactivity of the bands with PhosphorImager (FUJIS BAS1000).
Inhibition mechanism of SE RNA to the helicase activity was determined by conducting substrate titration experiments. For assessing reaction velocities, the products of helicase reactions were measured at different time intervals in the presence of increasing concentration of the substrate RNA. The slopes of linear plots of the measured values versus time, representing the initial velocities of the reaction, were replotted in Woolf-Augustinsson-Hofstee format with or without SE RNA. Aptamer K i was determined using 20 nM aptamer in the presence of serially diluted substrate RNA and calculated by changes in K m .
Enzymatic analysis of RNA secondary structure
The in vitro transcribed SE RNA was dephosphorylated with calf intestine alkaline phosphatase (Ambion) and 5Ј end-labeled with [␥-32 P]ATP (3000 Ci/mmol, Amersham) and T4 polynucleotide kinase (Ambion). The labeled RNA (54 fmole) was first heated at 65°C for 5 min and renatured at room temperature for 5 min. The RNA was then digested with RNase T1 (USB), nuclease S1 (Amersham Pharmacia), or RNase V1 (Ambion). RNase T1 digestion was carried out at 37°C for 10 min in a reaction mixture (20 µl) containing 20 mM NaCitrate (pH 5.0), 7 M urea, 1 mM EDTA, 0.25 mg/ml tRNA, and 1 U of RNase T1. Nuclease S1 digestion was employed at 37°C for 10 min in a buffer (20 µl) containing 2 µl of 10 × S1 buffer and 2 U of nuclease S1. RNase V1 (0.0001 U) was treated at room temperature for 15 min in a 20 µl solution that contained 2 µl of 10 × V1 buffer. The nuclease-treated reactions were stopped by the addition of 10 µl of RNA loading dye (10 ml formamide, 10 mM EDTA, 0.01% bromophenol blue, 0.01% xylene cyanol). To generate a sequencer ladder, alkaline hydrolysis was performed at 95°C for 15 min in a 20 µl reaction volume that contained 50 mM NaHCO3 (pH 9.0), 1 mM EDTA, 0.25 mg/ml tRNA, and 54 fmole of SE RNA. The cleaved RNA fragments were denatured at 80°C for 5 min and analyzed on a 12 to 15% polyacrylamide gel with 7 M urea.
Enzymatic footprinting assay for probing the HCV helicase-binding site on the SE RNA The 5Ј-end labeled SE RNA (54 fmole) was incubated with the HCV helicase at room temperature for 30 min in a 20 µl binding buffer (30 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM MgCl 2 , 2 mM DTT) and then digested and analyzed with RNase T1, nuclease S1, or RNase V1 as described for enzymatic analysis of RNA secondary structure. 
Detection procedure of intracellular NS3 protein
Nonradioactively labeled SE RNA was prepared as described (Rosemeyer et al. 1995) . Briefly, in vitro transcribed SE RNA (121 pmole) was labeled at its 3Ј end by incubation with 5 X reaction buffer (200 mM potassium cacodylate, 25 mM Tris-HCl, pH 6.6, 0.25 mg/ml BSA, 0.5 mM dNTP), 0.5 mM biotin-dUTP (Boehringer Mannheim), 5 mM CoCl 2 , 40 U RNase inhibitor, and 20 U terminal deoxynucleotide transferase (TdT, Boehringer Mannheim) in a final volume of 30 µl for 30 min at 37°C. Saos-2 cells that control the expression of the HCV NS3 protein under Tet-off transcriptional regulatory system was developed and cultured in the presence or in the absence of tetracycline for 48 h on 35 mm dish. Cells were then fixed with 70% ethanol, permeated with 1% Triton in PBS for 10-15 min at room temperature, and washed two times with 0.1% Triton in PBS. To block proteins that nonspecifically bind RNAs, permeated cells were preincubated with binding buffer solution (30 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 2 mM dithiothreitol, and 1% BSA) containing 50 µg tRNA and 40 U RNase inhibitor for 30 min to 1 h and washed 3-5 times with the binding buffer without BSA. 
Electroporation of HCV replicon and bioassay of RNA aptamer
A subgenomic replicon construct, pFK-I 389 neo/NS3-3Ј/5.1, carrying two cell-culture adaptive mutations in NS3 and one in NS5A, (Krieger et al. 2001 ) was obtained from Dr. Ralf Bartenschlager (Univ. of Heidelberg, Gemany). HCV replicon RNA was constructed by in vitro transcription with the AseI and ScaI-digested replicon plasmid as described (Krieger et al. 2001) . Electroporation of 500 ng of the HCV replicon RNA was performed in a condition of 950 µF and 250 V using a Gene pulser system (BioRad) into 400 µl of a suspension of 4 × 10 6 Huh-7 cells along with or without 5 µg of tRNA, MG aptamer RNA, or SE RNA. Plasmid pcDNAluc encoding Renilla luciferase was also added to each sample to determine transfection efficiency. Cells were transferred to 3 ml complete DMEM and plated in 35-mm cell culture dishes. After 72 h, total RNA was isolated from the cells with guanidine isothiocyanate (Feramisco et al. 1982) . RNA (5 µg) was reversetranscribed with a 3Ј primer specific for the (−) strand of HCV cDNA (5Ј-GGGGAATTCCGTAACACCAACGGGCGC) or random primer for ␤-actin cDNA. The resulting cDNAs were amplified for 30 cycles with a 5Ј primer (5Ј-GGGAAGCTTCTCGTCCT GCAGTTCAT) and a 3Ј primer specific for the HCV (−) strand cDNA. Values were normalized to that of ␤-actin, which were amplified with a 5Ј primer (5Ј-ATCTGGCACCACACCTTCTA CAATGAGCTGCG) and a 3Ј primer (5Ј-CGTCATACTCCTGCT TGCTGATCCACATCTGC).
